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Outline
• Introduction of physics motivation in the 2018 run 
• COMPASS Polarized target system
• Polarization, relaxation time and radiation
• Transversally polarized deuteron target in 2021
• New collaboration for the future : COMPASS++/AMBER
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Beam : 
Polarized lepton beam : μ+, μ- 50-280 GeV/c  (80% polarization @ 160GeV)
Hadron beam : π+,π-, K+, K-,P

Target : 
Polarized proton and deuteron target 
Liquid hydrogen target 
Nuclear target

Beam and target with COMPASS spectrometer 

Trackers
Spectrometer magnet
Hadron Calorimeters

Electromagnetic Calorimeters

Many combinations of 
the beam & the target
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Polarized Drell-Yann in 2018
Transversally polarized proton target run with pion beam 
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Because Sivers and Boer-Mulders PDFs are “Time-
reversal odd”, they are expected to change the sign when 
measured from SIDIS or from DY: 

We have the opportunity to test this sign change using the same 
spectrometer and the transversely polarized target at COMPASS. 

Positive hadron 
Negative 
hadron

Universality of TMD PDFs
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SIDIS x-section 

• Significantly large amplitude for π+ and K+ in whole 
range of x 

• Some hints of negative signal for  π −  
• Positive signal in the last bin of x? 

• Compatible with zero for K−  

• Compatible with zero on deuteron 

hep-ex/1408.4405  
(accepted by PLB) 
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COMPASS polarized solid target system in 2015 and 2018 

180mrad

• Many secondly particles 
• ~10 mW heat input expected 

with 1 x 108 pions/s
• 13 mW cooling power at 100mK

Transverse polarization

• Target area: 130 cm long 
• 2 cells (55, 55 cm long with 4 cm diameter)

20 cm gap
• NH3 material with 10 NMR coils

pion 
beam

Cooling power

• Frozen spin target at 0.6 T dipole magnet with 50 mK
(after polarizing at 2.5 T solenoid)

Target cell

mmol/sec

mK Cooling	power

N. Doshita PSTP2019 7
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Microwave system
Equipment
• M.W. generator

extended interaction oscillator , 20 W

• Power supplies
• Varian VPW2838 and

CPI VPW2827

• Power control 

• Frequency counters
• Phase Matrix EIP-548-B 

• Power meter

• Millitech DET-12-RPFW0 

Microwave system for DNP

FM function
Without FM 

Varian

CPI

N. Doshita PSTP2019 8
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Target cells and NMR coils

!3

2015

Cell

length: 55.1 cm      diameter: 4 cm

made of (CF2CFCl)n

2018

installed inside the cell

installed outside the cell
z-axisMicrowave stoppers

{}
Change from 2015 
• The structure was once resolved into parts to change position of NMR coils.

• One more MW stopper (honeycomb paper coated by carbon) and thin Cu mesh added for better isolation.

Pic. 
from downstream

- 2 sets of 55cm long with 4cm diameter
- Proton free material (C2F3Cl)n
- 2015 : 4 inner and 6 outer coils
- 2018 : 6 inner and 4 outer coils

N. Doshita PSTP2019 9



Empty target cell TE signals at 1K 2.5T
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General operation
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Data Taking

Physics

Data Taking

Physics

Data Taking

- Upstream

- Downstream

Better rotation procedure 
reduced loss of pol.


2015: 0.5%

2018: 0.1%

- Solenoid

- Dipole

No polarization measurement.

Interpolation of pol. needed.

~24h ~1 week

Time

Time

Beam intensity : 10^8 /s for 5 s and then no beam for 10 s or more
N. Doshita

1 period for analysis1 week 
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Typical values in the 2018 run

• Typical proton polarization after 26h
- 80 %

• Typical relaxation time at 0.6 T in the beginning of the 
data taking
- 1500 h for positive, 1200 h for negative
- downstream coil faster because of multiplicity of the 

beam
• Relaxation time without beam 

- ~ 2500 h for positive,  ~ 1800 h for negative
N. Doshita PSTP2019 13



Relaxation time at 0 T

4/6/2018  3

τ(+) ~ 11 minutes
Τ(-) ~ 7.5 minutes

Very preliminary!!

B= 0T
TTH1>20kΩ
TTH2>30kΩ

Negative Pol. 7.5 minutes

Positive Pol. 11 minutes

N. Doshita PSTP2019 14



Radiation damage

W. Meyer et. al.,
Proceedings of the 
4th international 
workshop on 
Polarized target 
materials and 
techniques (1984)

The polarization 
drops to 1/e of 
maximum 
polarization is 7 ×
10^15 particles/cm2 
(electrons) for 
ammonia

Radiation Dose 
[10^15 /cm2]

Radiation effect to polarization at 1K and 2.5T
40

20

1 × 10^14

NH3

Accumulated doses in 2018 : 0.7× 10^14 /cm2 

Additional radicals are produced by beam.

N. Doshita PSTP2019 15



Relaxation time in 2018 vs accumulated doses
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- - - : trend of average

NEW↓
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100 x10^12 = 0.4 x 10^14 doses/cm2
N. Doshita

0.7 x 10^14 doses/cm2 in 2018
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Protection of PLC CPU for the magnet

Concrete
Top cover of Polyethylene with
Boron-carbid

CPU
Concrete : For high energy neutrons
Polyethylene : for low energy neutrons
Boron-carbid : to stop thermal neutrons

~10μSv/h area

Boron-carbid No interruption in 2018

Not only material but also PLC CPU suffered from radiation (neutron).

N. Doshita PSTP2019 17



Results of the measurement

Weight (g) Packing 
factor

upstream 329 +/- 1 0.558 +/- 0.002

downstream 310 +/- 1 0.526 +/- 0.002

• Material kept in Liq. N2 bath
• Four socks (two for upstream and two 

for downstream)
• 10 hours for one measurement
• Kept the sock below 100 K

N. Doshita

Liq. Nitrogen

Scaler

Material

PT100

PSTP2019 18



Deuteron run in 2021

• SIDIS with muon beam
• Transversally frozen spin 
deuteron target 
- better statistics for Collins 

asymmetry and so on.. 
• 6LiD as used in 2002 - 2004
• 3-cells with 3 cm diameter
• Microwave frequency 
modulation 

N. Doshita PSTP2019 19



Deuteron target materials
f : dilution factor
r : density
Ff : packing factor

ND3 D- butanol 6LiD
PT 0.40 0.80 ** 0.55 (D)

0.54 (6Li)
r 1.00 1.12 0.820

f 0.300 0.238 0.250 (D)
0.250 (6Li)

Ff 0.58 0.62 0.52
PTFoM 1.8 5.4 6.9

Figure of Merit

-Normalized by ND3 .
-Magnetic field 2.5T
- Relaxation time

6LiD 1500h at 0.42T 
and 60 mK.

**	S.T. Goertz et al,	
NIM. A 526 (2004) 43.
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6LiD polarization test

• Deuteron of 6LiD polarization 
• A small amount of sample 

stored at Bochum and Bonn
• Tested with a 1 K 

refrigerator at Bochum 
• 12 % with a 0.5 h build up 

time
à compatible to the result 

when it was produced

N. Doshita

6LiD Polarization 22.05.20196LiD Polarization 22.05.2019
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P1

P-AufbauFit1

DatensatzDatensatz : 20190522_211538_2

FunktionFunktion: P*(1-exp(-(x-x0)/t))

Chi^2/doFChi^2/doF = 7.0245e-02

R^2R^2 = 9.927e-01

PP = -12.83 +/- 0.12

tt  = 1746 +/- 63

2

DatensatzDatensatz : 20190522_211538_P1

FunktionFunktion: P*(1-exp(-(x-x0)/t))

Chi^2/doFChi^2/doF = 1.671

R^2R^2 = 9.353e-01

PP = 11.39 +/- 0.21

tt  = 935 +/- 63
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Microwave for 6LiD in 2002

comparatively high values of the microwave
power, whereas a period of about 1 week is needed
for obtaining the full polarization. During this
second stage it is preferable to reduce the micro-
wave power in order optimize the working
temperature of the refrigerator. The final deuteron
polarizations (averaged over all NMR coils) were
measured to be þ54:2% and "47:1%: They were
obtained under a modulation of the microwave
frequency with a frequency of 500 Hz and a peak
to peak amplitude of about 20 MHz: This
technique is already known from the SMC
experiment as being helpful in order to maximize
the achievable polarization [5,26,27].

Fig. 4(b) shows two dynamic NMR signals of
coil No. 8 with polarizations of about þ50% and
"50%: In contrast to the TE signals, the dynamic
signals exhibit a slight but easily detectable
asymmetry around their respective centers, which
themselves are shifted towards lower ðPo0Þ or
towards higher ðP > 0Þ frequencies. The magnitude
of both, the asymmetry and the frequency shift

depend on the sign as well as on the degree of the
polarization. Qualitatively this effect can be
explained by different local fields at the sites of
the deuterons, which are produced by the polar-
ization of the neighboring 6Li nuclei [28,29].

During the polarization build-up a shift of the
optimum microwave frequencies towards the
center of the electron Larmor resonance was
observed. In the case of unmodulated microwaves
the optimum values started from about 70.210 and
70:270 GHz for positive and negative polariza-
tions, respectively. The final frequencies were set
around 70.238 and 70:245 GHz for jPj > 40%: This
behavior is qualitatively in agreement with the
predictions following from the low-temperature
treatment of the spin temperature theory for
hyperfine broadened electron spin systems [30].
In the case of enabled frequency modulation the
polarization-dependent shift was observed to be
slightly less pronounced than without modulation.
Compared to the target materials used in the SMC
experiment [5], the polarization build-up of lithium
deuteride is considerably slower. This observation
is attributed to the relatively long relaxation time
T1 of the paramagnetic F-center. Due to the
technique of spin reversal by field rotation the long
build-up time of 6LiD is not a serious drawback
regarding the accuracy of the COMPASS experi-
ment, which relies on frequent changes of the
relative orientation of the polarizations in the two
target cells with respect to the muon beam. Most
of the interruptions of the data points in Fig. 5
correspond to these field rotation cycles, which are
performed in the frozen spin mode. Compared to
butanol and ammonia the much larger nuclear
relaxation time of lithium deuteride at low
magnetic fields—being about 2000 h at 0:5 T and
at 90 mK—prevents the material from any polar-
ization loss during the procedure of polarization
reversal.

The individual polarizations as measured with
each of the 10 NMR coils are shown in Table 3.
They are differing by amounts larger than the
measurement errors. Thus, we consider that they
reflect the physical polarizations as present at the
different positions within the target cells. One
explanation for these differences considered so far
could be ruled out by a comparison with the
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FM ON
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Fig. 5. Example of the deuteron polarization build-up. The
upstream (downstream) cell is polarized positively (negatively).
The interruptions of the data points correspond to a magnetic
field rotation or to a technical interruption of the NMR data
taking. The start time of the microwave frequency modulation
is indicated by ‘FM-ON’ and that of the microwave power
optimization by ‘PW Optim’.

J. Ball et al. / Nuclear Instruments and Methods in Physics Research A 498 (2003) 101–111108

NIMA498(2003)101

• Slower polarization build up 
• Higher polarization by frequency 

modulation : 45 % à 50 %
• Faster build up by frequency modulation
• 6LiD : small difference between positive and 

negative polarization
- Positive polarization : 

70.20 GHz à 70.23 GHz
- Negative polarization : 

70.27 GHz à 70.24 GHz

• Cooling test in 2020
• 2W gunn oscillator (ELVA) set next to DR

- easy to control with FM 

N. Doshita PSTP2019 22



COMPASS++/AMBER (2022 ~)

• New collaboration after 
COMPASS
• Many new programs 
• GPD with transversely 
polarized proton target
• Recoiled proton from the 
target in DVCS process 
• 4 pi detector needed with 
the target system

N. Doshita PSTP2019 23



Summary
• COMPASS Drell-Yan program in 2015 and 2018
- Transversally polarized proton target with NH3
- Beam intensity 10^8 /s
- Radiation damage was observed in the relaxation time 

measurements

• COMPASS SIDIS program in 2021
- Transversally polarized deuteron target with 6LiD
- 30-60-30 cm with 3cm diameter cell
- Microwave frequency modulation 
N. Doshita PSTP2019 24



Backup
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History of COMPASS PT
Year Spin Material Cell configuration

2002 – 2004 L, T 6LiD 60-60 cm long, 3 cm diameter

2006 L 6LiD 30-60-30 cm long, 3 cm diameter

2007 L, T NH3 30-60-30 cm long, 4 cm diameter

2010 L NH3 30-60-30 cm long, 4 cm diameter

2011 T NH3 30-60-30 cm long, 4 cm diameter

2014 -2015 T NH3 with pion beam 55-55 cm long, 4 cm diameter

2018 T NH3 with pion beam 55-55 cm long, 4 cm diameter

2021 T 6LiD 30-60-30 cm long, 3 cm diameter

N. Doshita PSTP2019 26



Polarization after 26h in 2015 and 2018

Upstream 
Cell 

Downstream 
Cell 

Positive 
Polarization

+ 75 %
+ 79 %

+73 %
+ 79 %

Negative 
Polarization

- 74 %
- 84 %

-72 %
-80 %

N. Doshita PSTP2019 27



Relaxation time with beam in 2015 and
2018 (May-June)

Upstream 
Cell 

Downstream 
Cell 

Positive 
Polarization

~ 1200 h
~ 1500 h

~ 1000 h
~ 1500 h

Negative 
Polarization

~ 900 h
~ 1300 h

~ 700 h
~ 1100 h

N. Doshita PSTP2019 28



Relaxation time at 0.6 T without beam 
in 2015 and 2018

Upstream Cell Downstream 
Cell 

Positive 
Polarization

2070 h (Sep.3)
2890 h (Jun.4)

1400 h (Aug.19)
2130 h (Jun.6) 

Negative 
Polarization

1250 h (Aug.19)
1590 h (Jun.6)

1100 h (Sep.3)
2180 h (Jun.4)

N. Doshita PSTP2019 29



EST Concept

preliminary polarization results from the present
run of 2002, which show similar differences
between the NMR coils. After emptying and
refilling the target cells a possible correlation
between a certain NMR coil and a certain
production lot, which may have been prepared
under slightly different conditions, is now to be
excluded. The only explanations left are based on
variations of either the temperature or of the
microwave frequency and power distribution
along the two target cells. For instance, a 73!
10"5 inhomogeneity of the solenoid magnetic field
leads to variation of the optimum frequency by
4 MHz: A detuning of that size may be already
critical in achieving the highest possible polariza-
tion in this material. But also the power distribu-
tion within the microwave cavity may vary along
the cavity axis due to the presence of differently
absorbing or reflecting materials within the mixing
chamber (e.g. the microwave stopper separating
the two target cells).

It should be mentioned that a difference up to
7% between the average positive and negative
polarizations has been observed, the sign of which
is consistent with other results on 6LiD samples of
equal performance [15]. From the fact that a
similar result has also been observed using the
Bochum test cryostat—a dilution refrigerator with
a completely different geometry of the mixing
chamber—it is believed that this effect is due to an
inherent property of the material as prepared in
the way described above.

6. Validity of the equal spin temperature (EST)
concept

Not only the polarization of the deuteron, but
also that of 6Li and that of the residual 7Li nuclei
ðE4:5%Þ are of importance for the evaluation of
the particle physics data as well as for the
understanding of the DNP process. These polar-
izations are plotted versus the deuteron polariza-
tion in Fig. 6 together with the prediction by the
EST concept [30]. The basic statement of this
concept is that the Zeeman system of every nuclear
species with spin I present in the material share the
same spin temperature TS: In other words the
difference of the Zeeman occupation numbers and
thus the polarization of the particular spin system
can be calculated from the respective Brillouin
function (6) with T replaced by TS:

The NMR measurements of 6Li and 7Li were
done by stopping the microwave pumping occa-
sionally during the DNP process and by setting the
solenoid field so that the Larmor frequency of 6Li
or 7Li became equal to the NMR circuit resonance
frequency, i.e. to 16:38 MHz: The correction coils,
which are used to achieve the highest possible

 (%)DP
-60 -40 -20 0 20 40 60

 (%
)

7
, P 6

P

-100

-50

0

50

100

Fig. 6. The polarizations of the 6Li and the 7Li nuclei versus
that of the deuteron. The closed (open) squares are the
measured polarization of 6Li ð7LiÞ: The lines are the prediction
by EST concept. The measurements are consistent with the EST
concept.

Table 3
Maximum deuteron polarization. The NMR coils are num-
bered from upstream to downstream in an ascending order. The
major part of the error is from the TE calibration. The variation
of the measured polarization among the coils is discussed in the
text. The average polarization is þ 54:2% in the upstream cell
and "47:1% in the downstream cell

Upstream cell Downstream cell

NMR coil PD7DPD NMR coil PD7DPD

1 þ 57:872:2 6 "46:270:9
2 þ 52:170:5 7 "48:370:8
3 þ 53:070:9 8 "49:670:7
4 þ 51:371:3 9 "45:570:8
5 þ 56:771:0 10 "45:971:0

J. Ball et al. / Nuclear Instruments and Methods in Physics Research A 498 (2003) 101–111 109

NIMA498(2003)101

- Polarizing deuteron at first
- Measured 6Li and 7Li polarization

à Support the EST concept
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Proton target materials
f : dilution factor
r : density
Ff : packing factor

H-butanol NH3
7LiH

PT 0.90 0.90 0.56 (H) *
0.38 (7Li)

r 0.985 0.853 0.820

f 0.135 0.176 0.125 (H)
0.125 ( 7Li)

Ff 0.62 0.50 0.55
PTFoM 1 1.2 0.7

Figure of Merit

-Normalized by
H-butanol 

-Magnetic field 2.5T
- Relaxation time
NH3 4000h at 60 mK 

and 0.6T
- If 7LiH reach 90%, 

PTFoM is 2.1.

*	J. Ball, NIM. A 526 (2004) 7.
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